Introduction {#Sec1}
============

In teleost fish, the inner ear originates from an ectodermal placode located at the level of rhombomere 4 (r4) of the hindbrain, and the otic placode then cavitates to form the otic vesicle (reviewed in Whitfield et al. [@CR32]). Classical transplantation experiments demonstrated a prominent role of the hindbrain in the otic induction process. In zebrafish, grafting hindbrain tissue to the ventral side of the embryo induces ectopic otic vesicles (Woo and Fraser [@CR33]). Members of the fibroblast growth factor (Fgf) family of secreted ligands are the best candidates for otic-inducing factors (reviewed in Riley and Phillips [@CR26]; Whitfield et al. [@CR32]), but the role of other modulating factors such as Wnt signalling in this process is not clear.

Experiments with lithium chloride treatment by Gutknecht and Fritzsch ([@CR9]) in *Xenopus* embryos led to multiple expanded otic vesicles. Since lithium is a potent inhibitor of GSK3; these experiments can be interpreted as a first indication of otic-inducing effects by canonical Wnt signalling. A model for induction of the chick inner ear was proposed in which *Fgf19* cooperates with *Wnt8c* to induce ectopic otic placodes (Ladher et al. [@CR16]). Neither *Fgf19* nor *Wnt8c* was able to induce the expression of all otic markers in explants of uncommitted ectoderm, whereas a combination of both genes strongly induced the full range of markers genes. Loss of *Wnt8* function experiments in zebrafish suggest that otic placode induction occurs normally in the absence of *Wnt8* expression (Phillips et al. [@CR25]). In that study, morpholino knockdown of the *Wnt8* gene and misexpression of the Wnt antagonist *dickkopf 1* failed to block otic induction. Phillips and colleagues proposed that Wnt serves to regulate the temporal expression of *Fgf3* and *Fgf8* in the hindbrain, hence playing an indirect role in otic induction (Phillips et al. [@CR25]). Furthermore, Wnt signalling was proposed to affect the preplacodal state in chicks (Bailey and Streit [@CR3]), and in mice, it was suggested to be required after Fgf-dependent induction to maintain otic fate (Ohyama et al. [@CR23]). Here, we address the question whether Wnt signalling is involved in otic induction in medaka fish. We demonstrate that ectopic activation of this pathway affects otic development at the time of induction by juxtaposing regions normally separated in the embryo. This is in good agreement with hindbrain tissue as a source for otic-inducing signals. However our experiments suggest that signals in addition to Fgf3 and Fgf8 induce the formation of ectopic ear structures in medaka.

Materials and methods {#Sec2}
=====================

Fish strain and transgenic lines {#Sec3}
--------------------------------

Embryos of the medaka Cab inbred strain were used for all experiments. Stages were determined according to Iwamatsu ([@CR12]). All studies on heat-inducible *Wnt1*-transgenic embryos were carried out using three independent lines described previously (Bajoghli et al. [@CR5]).

Embryo injections {#Sec4}
-----------------

Medaka embryos were microinjected into single blastomeres at the one- to two-cell stage. mRNA of mouse *Wnt1* was injected at 200 ng/μl. For transient experiments, a heat-inducible *Wnt1* construct (Bajoghli et al. [@CR5]) was injected at 10 ng/μl together with *I-SceI* meganuclease.

Isolation of medaka *EphA4* and *Hoxb1a* probes {#Sec5}
-----------------------------------------------

The primers used for the RT-PCR were as follows: for *EphA4*, 5- GAAAAGAACATCCCCATTCG-3 and 5-GAGTTGCGTTCCTCATATCCT-3; for *Hoxb1a*, 5-ATGGAAAACATGAACTCCTTTG-3 and 5-GTGCGGGACCGTTAGGTA-3. The DNA fragments were cloned into the pGEM-Teasy vector (Promega).

Whole-mount in situ hybridisation {#Sec6}
---------------------------------

Whole-mount in situ hybridi**s**ation was performed as described previously using DIG- or FITC-labelled probes (Aghaallaei et al. [@CR1]).

Results {#Sec7}
=======

To elucidate the function of Wnt signalling during medaka otic induction, we decided to use gain-of-function analysis. Wnt1, Wnt8 and Wnt3a proteins define a functional class of Wnt ligands (Torres et al. [@CR30]), which preferentially stimulate the canonical Wnt pathway (reviewed by Logan and Nusse [@CR20]). We selected *Wnt1* for our misexpression experiments. Injection of *Wnt1* mRNA into medaka embryos resulted in a posteriorised phenotype characterised by severe truncations of anterior structures (Fig. [1b](#Fig1){ref-type="fig"}). Similar phenotypes have been observed upon ectopic activation of canonical Wnt signalling in various vertebrate species (Kelly et al. [@CR14]; Stachel et al. [@CR29]; van de Water et al. [@CR31]; Yamaguchi and Shinagawa [@CR34]). Since Wnt signalling has multiple functions during early embryonic development depending on the time window (Liu et al. [@CR19]), we switched to induced expression using a heat-shock-inducible system (Bajoghli et al. [@CR4]). Activation of the injected heat-shock *Wnt1* construct at early gastrulation resulted in the same posteriori**s**ation phenotype seen for mRNA. However, 18% of the embryos (13 of 70) showed enlarged otic vesicles (data not shown), and in addition, 7% of the embryos (five of 70) exhibited small ectopic otic vesicles located anteriorly to the endogenous otic vesicle (Fig [1c](#Fig1){ref-type="fig"}, arrow). When we repeated these experiments with an expression construct for the zebrafish *Wnt8* gene, we also observed ectopic otic vesicles in 20% of the embryos (11 of 56; data not shown). These experiments are consistent with data for injection of a *Wnt8* expression construct in zebrafish (Phillips et al. [@CR25]). In order to overcome the mosaic nature of the injection technique, we repeated the experiments with a heat-shock *Wnt1* transgenic medaka line (Bajoghli et al. [@CR5]). In agreement with transient misexpression, uniform activation of *Wnt1* in the whole embryo at early gastrulation led to posteriori**s**ation. However, instead of the isolated ectopic vesicles observed before, one large vesicle appeared in the *Wnt1*-transgenic embryos, covering the complete anterior region starting from the position of the endogenous otic vesicles (Fig [1d](#Fig1){ref-type="fig"}). At later stages, the vesicle forms inner ear structures and contains multiple otoliths (Supplementary Fig. S[1](#MOESM1){ref-type="supplementary-material"}). We confirmed the identity of this ectopic otic structure by marker gene expression. The expression patterns of *Starmaker* (Fig. [1f](#Fig1){ref-type="fig"}), *Eya1* and *Six1* identified the structures as otic vesicles (Supplementary Fig. S[1](#MOESM1){ref-type="supplementary-material"}). Due its similarity with cyclopic eyes, we named this phenotype "cyclopic ear". Fig. 1Activation of the canonical Wnt pathway in medaka embryos. Dorsal views of embryos at 2dpf (**a**, **c**, **d**) and 5dpf (**b**). A non-transgenic sibling (**a**) is compared to embryos with transient injections of *Wnt1* mRNA (**b**), a heat-inducible *Wnt1* construct (**c**) and *Wnt1*-transgenic lines (**d**). Starmaker is strongly expressed in normal otic vesicles (**e**) and in cyclopic ear structures (**f**). An ectopic otic vesicle is indicated by an *arrow*. The heat-shock treatment was performed for 2 h at 39°C for **c**, **d** and **f** and 3 h at 30% for **a**. *ey* eye, *ov* otic vesicle, *pf* pectoral fin

In order to learn more about the effect of timing, we performed a time-course experiment by systematically varying the time of heat-shock activation in *Wnt1* transgenic embryos from 30% epiboly to the three-somite stage (Fig. [2a](#Fig2){ref-type="fig"}). The experiments indicate a strict time dependence on the extent of the anterior truncations. Early activation of Wnt signalling leads to a severe truncation of the body axis at the level of the hindbrain, whereas posterior parts of the embryos are not affected. The extent of the axis truncations does not differ dramatically between the one cell stage (mRNA injection, see Fig [1b](#Fig1){ref-type="fig"}) and early gastrulation (Fig. [2a](#Fig2){ref-type="fig"}). However between early and late gastrulation, the truncations are gradually reduced, with midbrain structures appearing at heat shocks at 60% epiboly and forebrain structures at 80% epiboly. Ectopic Wnt activation at neurula stages only affects eye development, whereas embryos heat-shocked during somitogenesis appear normal. These phenotypes would correlate with the timing of neural plate induction by the migrating mesoderm, which might be blocked at different time points by the ectopic Wnt signals. The gradual loss of anterior structures can also be observed with hindbrain marker gene expression (see below). Fig. 2Temporal and dosage effects of *Wnt1* activation during early development. Dorsal views of *Wnt1*-transgenic embryos. **a** The heat shock was performed at different stages for 2 h at 39°C. **b***Wnt1*-transgenic embryos were heat-shocked at early gastrulation for different durations. The Gfp activity 1 day after heat shock was used as a marker. Ectopic otic vesicles are indicated by *arrows*. *n* the number of examined embryos, *ep.* epiboly, *ey* eye, *fb* forebrain, *md* midbrain, *hb* hindbrain, *ov* otic vesicle

In the time-course experiment, the cyclopic ear phenotype was only observed when Wnt signalling was induced at 30% epiboly. Slightly later activation of the pathway at 40% epiboly generates embryos with normal otic vesicle morphology. In previous work, we identified early gastrulation as a critical phase for otic induction in medaka (Aghaallaei et al. [@CR2]). The ectopic Wnt activity therefore affects otic development during the induction phase.

To examine whether the effect of Wnt signalling is dosage dependent, we varied the time of heat treatment in embryos at early gastrulation from 5 min to 2 h. We used the Gfp signals originating from the bidirectional heat-shock promoter as a marker for the expression level (Fig. [2b](#Fig2){ref-type="fig"}). Interestingly, all embryos heat-treated for more than 10 min showed the same phenotype; the only difference was the number of ectopic otic vesicles, which increased upon longer heat treatment (Fig. [2b](#Fig2){ref-type="fig"}, arrows).

Next, we performed a time-lapse analysis. The experiments revealed that the cyclopic ear phenotype is an "end-product" of the fusion of the endogenous otic vesicles with several small ectopic structures into a single otic vesicle (Fig. [3](#Fig3){ref-type="fig"}, yellow arrows). The fusion of the vesicles started immediately after their formation (1-day-old embryos) and ended when the embryos where 3 days old and further development was arrested. Our observations show that the fusion process is dynamic and does not occur in a reproducible manner. However, the number of ectopic otic vesicles at the beginning is *Wnt1* dosage dependent. Fig. 3Time-lapse analysis of the cyclopic ear phenotype. The otic vesicle morphology was analysed in *Wnt1*-transgenic embryos from stage 20 to stage 30. Heat shock was performed at 30% epiboly for 2 h at 39°C. Ectopic otic vesicles are indicated by *black arrows*. The fusion of vesicles is indicated by *yellow arrows*

To understand the molecular events responsible for the cyclopic ear phenotype, we analysed the expression pattern of some hindbrain and otic marker genes (for schematic presentation, see supplementary Fig. [2](#MOESM2){ref-type="supplementary-material"}S online). For this purpose, one group of *Wnt1*-transgenic embryos (group A) was induced at 30% epiboly. For comparison, another group of *Wnt1*-transgenic embryos (group B) was induced at 50% epiboly, which did not develop ectopic otic vesicles. The embryos were fixed at a preplacodal stage (two-somite stage). For analysis of the hindbrain structures, we used probes directed against *EphA4* and *Hoxb1a*, expressed in r3/r5 and r4, respectively (see "[Materials and methods](#Sec2){ref-type="sec"}"; Fig [4a](#Fig4){ref-type="fig"}). The expression patterns of the hindbrain marker genes confirmed the truncations of the anteroposterior axis in the *Wnt1* transgenic embryos. In group B embryos, r3 and all structures posterior to this rhombomere appeared normal (Fig. [4c, f, i, r](#Fig4){ref-type="fig"}), whereas in group A embryos, the last distinguishable rhombomere was r5 (Fig. [4b, e, h](#Fig4){ref-type="fig"}). Interestingly, the expression patterns of the marker genes suggest that the remaining anterior structures of the embryos are of one uniform fate. In group A embryos, this region anterior to r5 expressed *Hox1a*, *Fgf8* and *Fgf3* (Fig. [4b, e, h](#Fig4){ref-type="fig"}), which would be consistent with an r4 fate. In group B embryos, the region anterior to r3 expressed *Fgf8* (Fig. [4f](#Fig4){ref-type="fig"}), indicating an r2 fate. However, we also found expression of *Fgf3* and *Engrailed 2* (*En2*; Fig. [4i, r](#Fig4){ref-type="fig"}), normally not expressed in r2. In wild-type embryos, these two genes are expressed in the more anteriorly positioned midbrain--hindbrain boundary (mhb). The fate of the region anterior to r3 in group B embryos therefore remains unclear. Fig. 4Analysis of hindbrain and otic marker genes in the *Wnt1*-transgenic lines. Dorsal views of embryos at two somites (**a**--**r**). Anterior is to the *left*. The positions of rhombomeres (*r*) and the mid-hindbrain boundary (*mhb*) are indicated. The heat shock of *Wnt1*-transgenic embryos was performed at 30% epiboly in group A and 50% epiboly in group B, respectively. The *asterisks* indicate anterior expression of *Fgf3* and *Fgf8*, respectively, in group B embryos, despite the fact that they lack ectopic ear structures. The *arrow* indicates weak *En2* expression. *mhb.* mid-hindbrain boundary

A combination of local competence factors together with signals from a distance is thought to induce otic structures in vertebrates (Riley and Phillips [@CR26]; Whitfield et al. [@CR32]). Fgf ligands are thought to mediate the signals originating from r4 (Maves et al. [@CR21]; Phillips et al. [@CR24]), and *Dlx3b* and *Foxi1* are the best candidates for the competence factors (Esterberg and Fritz [@CR7]; Lee et al. [@CR17]; Solomon et al. [@CR28]). *Dlx3b* is a preplacodal marker gene (Liu et al. [@CR18]) initially expressed in a horseshoe-shape surrounding the entire neural plate (Supplementary Fig. S[3](#MOESM3){ref-type="supplementary-material"}; Hochmann et al. [@CR11]; Kaji and Artinger [@CR13]). Due to the anterior truncations, the neural plate was shortened in the *Wnt1* embryos, but *Dlx3b* expression in the adjacent ectoderm remained in both groups (Fig. [4k, l](#Fig4){ref-type="fig"} and Supplementary Fig. S[3](#MOESM3){ref-type="supplementary-material"}). In group A embryos, the expression was upregulated in the anterior region (Fig. [4k](#Fig4){ref-type="fig"}), anticipating the development of the ectopic otic structures. In group B, strong *Dlx3b* expression was restricted to regions flanking r4, coinciding with the normal position of otic structures (Fig. [4l](#Fig4){ref-type="fig"}). The forkhead-domain containing transcription factor *Foxi1* is expressed in two domains positioned laterally to the neural plate (Hochmann et al. [@CR11]), which we also found in group B embryos (Fig. [4o](#Fig4){ref-type="fig"}). Interestingly we detected strong *Foxi1* expression in group A embryos at the position where the ectopic otic structures develop (Fig. [4n](#Fig4){ref-type="fig"}), contrary to group B embryos, which do not show any *Foxi1* expression in this region (Fig. [4o](#Fig4){ref-type="fig"}).

*Sox3* is a marker for both the epibranchial and the otic preplacodal region, whereas *Pax2* marks otic tissue specifically (Nikaido et al. [@CR22]). In order to see whether the ectopic placodes of *Wnt1* expressing embryos are restricted to otic development, we analysed group A embryos for expression of the two marker genes (Supplementary Fig. S[4](#MOESM4){ref-type="supplementary-material"}). We found both genes activated in overlapping anterior regions, indicating a clear bias towards ear development. This is in agreement with data from chick and mouse experiments, where Wnt signalling was found to partition the progenitor region, positively into inner ear and negatively into epibranchial placodes (Freter et al. [@CR8]; Ohyama et al. [@CR23]). Group B embryos did not show expression of either marker gene in the anterior region (data not shown).

Discussion {#Sec8}
==========

Ectopic expression of *Wnt1* during early development of vertebrates is known to result in anterior truncations (Christian and Moon [@CR6]). The heat-shock transgenic line allowed us to perform highly specific time-course experiments for ectopic *Wnt1* activity in medaka fish. By systematically varying the time of activation, we observed a strict dependence of timing on the extent of the anterior truncations (Fig. [2a](#Fig2){ref-type="fig"}). These phenotypes can be interpreted by a gradient of Wnt signalling being responsible for patterning the anteroposterior axis (Kiecker and Niehrs [@CR15]). The critical influence of timing in our experiments is in good agreement with lithium exposure experiments (Yamaguchi and Shinagawa [@CR34]).

Induction of canonical Wnt signalling in the transgenic embryos at 30% epiboly resulted in a novel phenotype. Extensive otic tissue developed and finally covered the complete anterior region of the embryos. Interestingly, these effects on otic induction seemed to be uncoupled from the axis truncations. Injection of both *Wnt1* mRNA and DNA resulted in truncations, but only the uniform misexpression at 30% epiboly in the transgenic line produced the cyclopic ear phenotype. In addition, the number of ectopic otic vesicles was dose dependent, whereas the axis truncations appeared indistinguishable from low to high *Wnt1* doses (Fig. [2b](#Fig2){ref-type="fig"}). In the zebrafish model system, activation of canonical Wnt signalling at the midblastula transition did not produce ectopic otic vesicles. This experiment was used as an argument against a role of canonical Wnt signalling in otic induction (Phillips et al. [@CR25]). In support of these data, we also failed to induce ectopic otic tissue with constitutive active DNA constructs in medaka. However, in contrast to the latter study, we demonstrate a strict time dependence for Wnt signalling in the otic induction process, namely at 30% epiboly.

Fgf signalling plays a major role in otic induction (reviewed in Riley and Phillips [@CR26]; Whitfield et al. [@CR32]), and we recently could demonstrate an inducing effect of *Fgf8* misexpression during early gastrulation in medaka. In these experiments, the formation of ectopic otic vesicles was further boosted by coexpression of the competence factors *Dlx3b* and *Foxi1* (Aghaallaei et al. [@CR2]). Here we compared groups of *Wnt1*-transgenic embryos induced at 30% epiboly (group A), with those induced at 50% epiboly (group B). In both groups of *Wnt1*-transgenic embryos, we found similar expression of *Fgf8* (Fig. [4e, f](#Fig4){ref-type="fig"}); however, only group A embryos developed ectopic otic structures. *Fgf3* expression was stronger in the anterior region of group A embryos (Fig. [4h, k, n](#Fig4){ref-type="fig"}) and weaker and more variable in group B (Fig. [4i, l, o](#Fig4){ref-type="fig"}). In addition, we observed *Dlx3b* activity in both groups (Fig. [4k, l](#Fig4){ref-type="fig"} and Supplementary Fig. S[3](#MOESM3){ref-type="supplementary-material"}). Therefore Fgf signalling activity and *Dlx3b* expression, representing two prerequisites for otic induction, were present in the anterior regions of both groups. However, in group B embryos, no *Foxi1* expression was detected in this region (Fig. [4o](#Fig4){ref-type="fig"}), contrary to group A (Fig. [4n](#Fig4){ref-type="fig"}). The differential *Foxi1* expression in the two groups of embryos could be critical for the induction of ectopic otic development (Fig. [4n, o](#Fig4){ref-type="fig"}). Indeed we previously found a central role for this competence factor in the preplacodal gene regulatory network in medaka (Aghaallaei et al. [@CR2]). Loss-of-function experiments in zebrafish also confirm a critical role of *Foxi1* (Lee et al. [@CR17]; Solomon et al. [@CR27]).

The main result of pulsed Wnt activation is the truncation of anterior structures. In order to study the role of canonical Wnt signalling on inner ear formation, it would be ideal to uncouple the effects on the otic induction process from those on axis formation. However, this is not possible with our experimental approach. Due to the axis truncations, an expanded r4 region is positioned next to the anterior expression domains of *Dlx3b* and *Foxi1* in group A embryos. The close contact between this rhombomere and ectoderm positive for the competence factors is a hallmark of normal otic development. The ectopic activation of *Foxi1* in group A embryos could be mediated by signals of this r4 region. In agreement with this, we previously described the activation of *Foxi1* by *Fgf8* in medaka embryos (Aghaallaei et al. [@CR2]). However, we found equal expression of *Fgf8* in both group A and group B embryos (Fig. [4e, f](#Fig4){ref-type="fig"}). Anterior *Fgf3* expression was variable in group B (Fig. [4i, l, o](#Fig4){ref-type="fig"}), but since none of these embryos developed ectopic ear structures, *Fgf3* expression is unlikely to be responsible for the differences. Therefore signals in addition to these Fgf ligands seem to be essential for the ectopic otic development in group A embryos. Alternatively, signals could be secreted from the hindbrain structures in group B embryos, which block the formation of otic tissue, but instead promote the midbrain--hindbrain boundary gene *Engrailed 2*. Interestingly, recent experiments with retinoic acid (RA) signalling in zebrafish revealed widespread ectopic otic induction upon excess activation of this pathway (Hans and Westerfield [@CR10]). *Foxi1* was ectopically activated in these embryos, whereas other marker genes for otic induction were not altered significantly. It is therefore possible that a genetic network of different signalling pathways (Fgf/RA/Wnt) controls otic induction and in particular *Foxi1*. Further experiments will be necessary to clarify the role of Wnt signalling in this process.
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Experimental strategies used for Fig. [4](#Fig4){ref-type="fig"}. Experimental strategy used for analysis of hindbrain and otic marker genes during preplacodal stages. *Wnt1*-transgenic embryos were divided into two groups. In groups A and B, the embryos were heat-shocked at 30% and 50% epiboly, respectively. All embryos were fixed at a preplacodal stage (two somites) before showing any phenotypes (GIF 202 kb)
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High resolution image file (TIF 6.25 MB)

###### 

Expression of late otic marker genes in cyclopic ear embryos. Dorsal views of embryos at stage 27. Anterior is to the top. Wild-type expression is shown for *Eya1* (A) and *Six1* (C). The *Wnt1*-transgenic embryos were induced at early gastrulation for 2 h at 39°C (GIF 37 kb)
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High resolution image file (TIF 4.73 MB)

###### 

Expression of *Dlx3b* and *Fgf8* at late gastrulation in *Wnt1*-transgenic lines. (A, A′) the expression of *Dlx3b* and *Fgf8* in wild-type (A, A′) and *Wnt1*-transgenic embryos (B) at late gastrulation. The transgenic embryos were induced at 30% epiboly for 2 h at 39°C. Scale bars for A′ and B are 250 and 100 µm, respectively (GIF 81 kb)
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High resolution image file (TIF 3.79 MB)

###### 

Bias towards otic development in the anterior preplacodal region. Dorsal views of embryos at stage 19. *Pax2* expression marks the region where otic placodes form (A), *Sox3* expression outside the neural tissue marks the region of both the epibranchial and the otic placodes in wild-type embryos. In embryos expressing *Wnt1* induced at 30% epiboly (group A), both *Pax2* and *Sox3* are expressed anteriorly where the ectopic ear structures form (C, D). Abbreviations: op., otic placode; ep., epibranchial placode; eop., ectopic otic placode; mhb., mid-hindbrain boundary (GIF 179 kb)
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High resolution image file (TIF 5.00 MB)
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